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Abstract 


A sample module was assembled to model a portion of a flexible extendable solar 
array, a type that promises to become the next generation of solar array design. The 
resulting study of this module is intended to provide technical support to the array 
designer for lightweight component selection, specifications, and tests. 

Selected from available lightweight components were 127-micron-thick wraparound 
contacted solar cells. 34-micron-thick sputtered glass covers, and as a substrate a 
13-micron-thick polyimide film clad with a copper printed circuit. Each component 
displayed weaknesses. The thin solar cells had excessive breakage losses. Sputtered glass 
cover adhesion was poor, and the covered cell was weaker than the cell uncovered. 
Thermu! stresses caused some cell delamination from the mode! solar array substrate. 
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A Lightweight Soiar Array Study 


I. Introduction 

Successful rigid substrate solar cell arrays of many designs 
have flown for some time. However, a new array technology 
may have to replace the simple theme and variation of past 
array designs if the larger electrical requirements of currently 
proposed spacecraft are to be fulfilled. The electrical conver- 
sion requirements of most past spacecraft were modest 
compared to some that are planned, and the simple scale up of 
conventional rigid arrays proves inadequate. The resultant 
designs are unacceptably heavy and they require launch 
stowage volumes that uncomfortably crowd ihe spacecraft 
payload. Lightweight fold out or roll out extendable arrays 
appear promising solutions for the larger electrical photo- 
voltaic converters, and this JPL study examines a lightweight 
flexible solar array design typical of one for use on a flexible 
extendable array. 

The main thrust of this investigation is directed toward the 
problems associated with extreme lightweight arrays and with 
some presently available lightweight components It would be 
fortuitous should the minimum weight array design selected 
for examuialion prove ideal for use in a flexible array. The 
theme of this report is not to develop the definitive design, but 
to record the problems associated « ;th the assembly, and the 
performance of a lightweight array and its components. The 
goal of the report is to provide aid to the designer in the 
selection of lightweight array components and to provide 


technical info mation for more meaningful specifications, 
inspection, and tests for these. 

Discussed in a preliminary manner in the following second 
section is the selection of the model array module components 
before their assembly and test; the cell, the cover glass; cover 
glass processes, and substrate. The third section reports upon 
the model array module design, assembly, and performance 
tests, upon the properties of the sputtered glass, and upon the 
mechanical and electrical changes imparted to the cell by the 
sputtered cover. 

II. Materials and Processes 

A preliminary review is made in this section of the 
components and processes used in the model array module 
assembly, and the rationale for their selection. 

The solar cells were manufactured by Ferranti Limited. 
Oldham. England. Some of the cells were processed for 
integral covers by Electrical Research Association (ERA) of 
Surrey. England, and some were processed by the Ion Physics 
Corporation (IPC). Burlington, Massachusetts. Simulation 
Pliysics Incorporated, Burlington. Massachusetts, attempted to 
fuse covers on some of the Ferran.i cells. The copper clad 
polyimide flexible substrate was manufactured by the Rogers 
Corporation of Chandler. Arizona. 
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A. The Ferranti Solar Cell 

1. General. Ferranti solar cells Model ZMS 050224 FW 
were used in this study. These were \ on H 2X2-cm cells. 12^ 
microns 1.^ inrls) thick, that were nianutactured ot' tloal-/oiie 
silicon homrt doped to a base resisnvity of ahout 2 ohm- 
ceniuneters. Experimental patches of Ferraiiti ceils smiilat to 
those used in this study have flown on the earth orbiter 
Prospero. Ferranti cells of greater thickness have powered a 
number of feuropeati spacecraft mcluJmg Black Arrow X.' and 
X4. UK 4 and 5. FSRO, and Intelslat l\’. 

Being imly 12? microns ihick. the Ferranti cells » Tered 
major weiglst sasangs for an array, as did their wraparoaiid 
contacts that eliminated ceil-io-cell metallic ribbon intei- 
connects. The cel! solder connection to the printed circuit is 
the »le cell-to-substrate mechanical bond, dimmating the 
weight of an adhesive. 

2. Ferranti cell rontact 

<7. Wrapanmni Jeugn. The contact design is wraparound 
with both cell solder contacts on its rear surface. .A 24-fj'nger 
grid IS the r»nly contact featute on the active surface of the 
cell. Each grid finger traverses the top surface and wraps about 
one edge of the cel! to comtect to the X contact bar beneatli. 
See Fig. I. A dielecmc applied to this otte esigc pievenii the 
pids from slioriing to the cell'i ba.se material. An unpiated 
siltcon gap of alwit 1.5 mm on the rear surface separates the 
negative from the pos.five contact areas. 

b. The wmact amdut'ior. Ferranti used a complex nickei- 
copp.*r-mcke!-gold lavered conductor for their contact. The 
goal was to obtain a conositm-free electrical contact with good 
silicon adhesion and gm>d solderabiltty. 

A layer of horon-dopped electroless nickel was first 
deposited upon the base region of the celt. Another layer of 
differently doped electroless nickel was then appited as a 
second layer upon the base region and also upon a grid pattern 
on the active surface; the grid pattern was deposited by a 
photoresistive technique. ,A thin layer of copper was then 
ek'ctioplated opiin the active and base surface coatings. After 
a that layer of electronickel wa.s depoited uptm the copper, a 
thin layer of gold was deposited on tlie total contact system. 

f- Wrupamtihi amtaet athmilagea. Tie wraparound con- 
tact offers several advantages to the array assembly . 

(I I Cover glass application >s simplified in the absence of .a 
lop contact to he soldeted. 

f2) Soldering ts upon one array surface, simplily trig both 
array assembly and repair. 



Fig. 1 . Ferranti sc^ar cell Mod^ ZMS(»0224 FW with wraparound 
contact. The wraparound edge is toward the reader. The negative 
contact is the narrow strip on the reverse surface; the larger area is 
the posttive contact. The two contact areas are isolated by an un- 
metattized silicon strip 1.5 mm wide. 

f.5f The ehmmation of tr>p-side tli-Tmal -irexs relief looped 
cell tiiterctvnneciors elimmati ■ of array sliad- 

owittg when the atray is nti- -oCiOkJ jVom the sun m 
space operations. 

B. The Solar Cell Cover Glass 

I. General, Cc.ver glass is u.sed to imptose solai cell 
performance. The emissiviiy of the cover system reduces the 
solai cell tempn’iaiHre to levels tav«r,ible to its operation. 
Covers also reduce cell damage from radiation and small 
puftrcics in .space. Ideally . the cover glass sv stern is transparent 
to liglif flux wavelengths that the cell eft’kienlly converts !o 
elcvirical energy, and it is opaque t.r iliose that limit its 
performance, such as tbirse U\’ wavdeiigllis that darken the 
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cover bonding adhesive. In actuality, light spectra favorable to 
cell operation suffers transmission loss in the glass, optical 
coatings, and adhesive. Cover glass system success is gauged 
upon estimates of the extent to which it protects or enhances 
cell performance in a mission entlronment, compared to the 
estimate of the cell performance without the cover. 

2. Cementless cell covers. Applied directly to the silicon 
surface of the cell, these covers eliminate the bonding 
adhesive, and the problems of the adhesive application, 
discoloration, and weight. The process is labor saving, and 
without the need to protect the cell bonding adhesive, the UV 
cutoff optical coating could also be eliminated with an 
opportunity for performance efficiency improvement for 
those cells sensitive to these wavelengths. The wraparound 
contact configuration and the sputtered cover process are 
mutually beneficial. The wraparound design presents no active 
surface contact to be soldered that must be protected during 
the covering process. Also, the performance of an integrally 
covered cell will not be affected as it could with occasional 
discrete cover misalignment. Such misalignment permits a 
m^itude of solar cell radiation damage and degradation in 
space operations that is far in excess of the small percentage of 
silicon area exposed. Sputtered glass film also deposits upon 
and protects the cell edges. 

No solar cell integral cover has qualified for space use, but 
it is also true that the definitive solar cell cover has yet to be 
found. For our study, the cementless cover appears labor 
saving and promises weight reduction, and we examined three 
processes: radio frequency sputtering, high-vacuum ion sput- 
tering, and fused covers. Of interest is the reaction of the 
Ferranti cell to the cover processes, and the reaction of the 
covers to tests. 

3, Sputtering. Sputtering is a process in which material in 
the solid phase is dislodged with momentum transfer from 
particle impact in nuclear collision. With a sputtering target 
material of glass, the dislodged glass particles can be directed 
to deposit on objects as a thin glass film, and upon the active 
surface of solar cells as an integral glass cover. Two sputtering 
processes were sampled in this JPL study. One process used by 
the Electrical Research Association (ERA) employs radio 
frequency (RF) excitation. The other, a sput'ering process 
used by Ion Physics Corporation (IPC), uses an electric arc in 
high vacuum for excitation. Argon ions were used by both 
processes as the sputtering media. Ferranti solar ceils procured 
by JPL were supplied to these companies to be integrally 
covered with Dow Corning 7070. 

a. Radio frequency sputtering. The process used by ERA is 
essentially at room temperature, in moderate vacuum, and 
with an inert argon atmosphere at 0.667 N/m^ (5 X 10^^ 



Rg.2. SdiMMlic of tiw ERA two-dlodt apuilMlng procMs 
(frani R«f. 1) 

torr)<') as the support gas Excited by the radio frequency 
field, the argon converts to an ion plasma that strikes the glass 
target and dislodges glass particles from its surface. The glass 
particles then deposits upon the solar cell surface. A schematic 
of the ERA sputtering arrangement is seen in Fig. 2. The 
equipment has two vacuum chambers, each with a diode and a 
bulk glass target that is located 4 cm from the work table upon 
which the cells are mounted (Fig. 3). Individual axial magnetic 
fields confine the plasma flux to the targets and work tables, 
both of which are water cooled. The maximum input power is 
5.0 kW, 2.5 kW per chamber; however, it was found best to 
operate a Dow Corning 7070 target at an input power level of 
about 5 w/cm^, 3140 watts total, to avoid its fracture. The 
temperature on the front face of the target rises at a rate of 
over 100°C per power increase of 1 W/cm^.^^^ and there is a 
temperature difference of about 500'^C between target 
faces.^^J The DC 7070 targets are 20 cm in diameter and 
3.2 mm thick. The work table diameter is also 20 cm. 

The system uses a self-excited push-pull radio frequency 
power oscillator with a balanced output about ground. It has a 
tuned anode and a tuned grid with a lra;i»r.)rmer output. The 
oscillator is free running at a natural frequency of 13.56 MHz, 
which changes slightly with the load being driven in the two 
sputtering chambers. The chambers are also balanced aboi’l 
ground. 

The bulk target material is at negative potential and the 
argon ion flux is positive. Sputtering would cease if the ion 
bombardment of the surface of the target causes it to assume a 
positive charge that repels further ion flow. With the electric 
field reversing however, the target surface receives positive ions 
and electrons in alternate half cycles at radio frequency. The 
process is continuous because electron mobility in the plasma 
is much greater that that of the ions and the bulk target 
assumes a mean negative potential with respect to the plasma. 
The ions then move independently of the alternating field as 
the induced negative potential of the target is seen to be 
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Fig. 3. Detail of an ERA eputtering chamber (from Ref. 5) 


constant, and they flow as a high-energy ion plasma of several 
thousand electron volts peak-to-peak^"** to tlie target. Ion 
energy is transferred to the target surface at the impact region, 
primarily by nuclear momentum transfer. Surface material is 
stripped from the target, and with energy levels of about 
20eV,(^l the dislodged material flov>s to the surface of the 
solar ceils that are at ground potential at about 25°C.^'‘' 

Deposition rates are about 1.3 microns per hour*-’* in a 
chamber pressured at 0.600 N/m^ (4.5 X 10" torr) with an 
atmosphere of 99.999% argon. The specified integral cover 
glass deposition thickness was 30 to 37 microns, with less than 
±10% thickness variation on any one cell. A batch of 35 
2X2-cm cells was processed at a time in each of the two 
chambers of the prototype RF equipment. These were located 
within a limited 175cm^ area of each work table that 
provided the specified ±10% cell deposition uniformity. 
Figure 4 shows the distribution of relative sputtered deposit 
thickness on the 20-cm-diameter work table. The cells are 



F^ 4. RF sputiMing dapositian unitonnity in prototype unH. 
Target diam e t er , 19.S cm; w t egrtetic field 0.01 WB/m' (from Ref. 1) 



Fig. 5. Mounting wraparound contact cells on RF sputtering 
work table (from Ref. 1) 


temporarily attached to the work table with cured RTV 602 
silicone prepared in sheets. Cut to size, the RTV' 602 patches 
are self-adhesive and bond the cells to the work table (Fig. 5i. 
The cells are easily removed when the cover deposition is 
complete and the adhesive protects the cell rear contact area 
from unwanted sputtered material, although occasionally such 
deposits do occur ( Fig. 6). 

b. Ion sputtering. Ion sputtering is a high-vacuum process 
at about 1.33 N/ci..' (10"^ torr). As in the RF spuitering 
process, argon ions are used to sputter a hulk glass target, but 
argon is present in much smaller concentration. .\ tube angled 
at about 43 deg with a vacuum chamber wall serves to 
collimate an argon ion beam aimed at the glass target located 
upon the chamber floor. 

Argon gas i"= fed in small quantity at the base of the tube 
wh re it is ioni. ed by an electric arc discharge. The ionized gas 
is accelerated from a high positive potential of about 25 kV 
through an electrode in the tube at ground potential. Past the 
electrode, the ion flux moves by kinetic energy through the 
collimating tube and impacts the DC 7070 target causing 
sputtering. 
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cover 103 microns thick*’^ (see Fig. 9). Another similar test 
on a 50-micron-thick sputtered DC 7070 deposit showed a 
loss between 400 nm and I200nm. and another irradiation 
test upon DC 7070 sputteied films 20 microns *hick showed 
negligible transmission loss compared with controls.*'*’ These 
sputtered deposits were without ceria dopant. 

ERA reports no success in reducing radiation induced 
transmission loss in DC '^070 with the addition of cerium 



Fig 9. Sputtarad Dow-Coming 7070 hradialad with 10" 
a la ctr ona/cm* at MaV (from Raf. 1) 


oxide. This dopant has reduced loss in other borosilicates. 
Ceria dopant levels at 1^ to 5% by weight introduced greater 
transmission loss because of its presence in the sputtered DC 
7070 than the subsequent loss from exposure to a tluence of 
10'^ eiectrons/cm^ at I MeV<” (see F^. 10). 

r. Antireflective coating on sputtered DC 7070. Sputtered 
DC 7070 integral covers were deposited upon Ferranti cells 
that were coated with magnesium fluoride as an antireflective 
(.AR) coating, and the DC 7070 sputtered covers were again 
coated with a MeF,X/4 AR coating. Radio frequency sput- 
tered MgF, coatings were attempted by ERA, but these 
unacceptably discolored the cover glass.*"’’ 

C. The Sample Array Module Substrate 

Flexible film, polyimide was the selected substrate material. 
This film, R-Flex 8191. manufactured by the Rogers Corpora- 
tion of Chandler. Arizona, was 1.^ microns thick and had a 
copper laminate on one side weighing 153 g/m^ (0.5 oz/ft^ ) 
that would provide the printed circuit to accommixlate the 
solar vcl'.s. 


III. Applications, Tests, and Perfonnance 

Di'cussed in this section are the sample aiiu. module 
design, its assembly, and thermal cycle tests. Also m this 
section, the sputtered glass cover is examined in detail and an 
evaluation made the manner in which the cel: is mechanical- 
ly and electrically affected by the coser deposi, on. 
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A. Tb> Li gtif wl g l it Array Dwign Module 

As suted earlier, the prime purpose of this study is to 
explore the problenis associated with an extremely lightweight 
array design, its components, and assembly. Were ihis test 
module model successful, it could be enlarged to appropriate 
array module size, many modules of which could be assembled 
into a desired array configuration. An outboard bus wiring 
system is proposed to facilitate interchangeability and to 
reduce impediment to array stowage md deployment. With a 
cable design possessing increasing multiples of parallel connec- 
ticms to modules further outboard on the array, (he array 
modules would have matched impedance, and consequently 
equal module voltage at the main power bus.<*l Other 
required components of the lightweight array sy^stem. such as 
the extendable array deploying and fle':!*?le suijstrate tension- 
ing devices, are not addressed in this report. 

I. Sample module design. A printed circuit pattern devel- 
oped by JPL for another 2X2-cm cell wraparound contact 
application was u:ied for the sample module, it was apfdied on 
the R-Rex 8191 poiyimide substrati copper laminate surface 
by a photographic process. The pattern is shown in Fig. II. 
The Sample array module accommodated 1 6 solar cells, each 
cell electrically connected in series and parallel in a four-by- 
feur cell matrix irrangemem. 

A metal frame was used to support the substrate in tension 
and was also used to mount msulated binding posts to 
facilitate electrical measurements. 



Fifl. 11. Copper pr*nted circuit on sample array moduta aubatraM 


2. Sample module assembly. Pulsed reflow soldering equip- 
ment was used to apply the required heat and pressure to 
solder the cells to the copper circuitry on the flexible 
substrate. A frame fixture of wel-ded nickel ribbon held the 
cells in proper alignment and spacing during the soldering 
operation. Pressure under the cell was evenly distiibuted with 
the use of a soft tefon pad lining on the bottom of the 
fixture. The pad reduced cell fracturing during assembly. 
Earlier efforts failed to suitably assemble the module from tne 
rear of the poiyimide film using manual soldering techniques. 
Three frames were assembled, each containing 16 cells from a 
category: bare. ERA and IPL’ covered. A cell fragment frorr. 
each category of cells that were broken during sssembiy was 
mounted on the unclad border of the sample module as a site 
to mount a thermocouple. This thermocouple monitored 
temperature during the electrical performance and tempera- 
tur<^ cycle tests that followed. 

3. Tbenuai cyclmg sample module. The sample modules 
were elect.-icaliy tested before, and at intervals during the 
thermal cycle tests. Simulated AMO 135.3 mW/cm^ at 28°C 
were the electrical test conditions. Figure !2 describes the 
six-minute thermal cycle periods with temperature excursions 
between - 1 25’C (- 193°F) and 80°C (1 76°F). A dwell of four 
minutes at the 80°C high temperature level was required after 
every filth cycle to repleni^ the LNj supply. Each sample 
module was cycled 900 times. Each siring of four paralleled 
cells was electrically tested in each of the sample modules as 
the other strings were open circuited. Figure 13 presents the 



Fig. 12. Thornwl cycle concHtions tor moCal array modula 
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Fig. 14. Maximuni p ow e r of sample module strings at 
cycle interval* 


sliort-drcuit current at thermal cycle test intersals. Figure 14 
shows the maximum power les-els ot’ the cell strings. 

a. Cell delamittation from substrate. A tola! of 1 2 cell 
strings started the tests on the three sample modules. Eight 
strings survived the ^00 cycles. Four cells sufficiently delami- 
nated from the substrate to cease electrical contribution to the 
circuit. Delaminated were one cell from the bare cell sample 
module after 6.‘'0th cycle, one from the ERA integrally 
covered solar cell module after the i.sOth cycle and one after 
the 6.*i0th. and one from the IPC integrally covered solar 
module .ifle, the .^Oth cycle. Affected curves in Figs. I.' and 
14 discontinue after the failures. 


The cause of the failures is uncertain. Th.e cell-to-printed 
circuit soldering was an intensive, painstaking custom effort, 
rather than one to seek a production line technique. A 


{ffoductiun line technique for a similar array application was 
desar.loped by the Royal Aircraft Establishment, UK. employ- 
ing hot gas as the soldering heat source/** equipment JPL 
lacked. Custom soldertng is no guarantee of success, and 
soldering weakness could contribute to the thermal cy'cling 
lailures, particularly the failures early in the test. However, the 
failures later in th,* test could be attributed to the basic lack of 
thermal sucss relief between the cell and the substrate's 
printed circuit. 

b. Csrer debmmjsaon due to ikennel cydii^. F^re IS 
diqticys photographs of the sampie modules at mtervah dining 
the test to the 650th o'cle. Photos after the 900th cycle 
lacked additional information and were o.nitted. Dark im^es 
seen in the prethermal cycle photos were of camera structures, 
images that K-ere eliminated from sub sequent (rfiotos. Changes 
in the appeaninoe of the integral cover glass indicate pri^cs- 
sive cover delamination with thermal cycling. 

The delamination takes two forms. One form shown is the 
small spots seen in quantity on some ERA processed cells, 
which, unseen in the photos, are mirror-like in quality. 
Delamination is also seen as bubbles. Both spots and hubbies 
are indicators of cover delamination at different .AR coating 
levels. The spots are flecks of magnesium fluoride reflective 
coating that adhered to the under-surface of the integral cover 
as the .AR coating delaminated from the silicon surface of the 
cell. The bubbles are areas where the integral cover delami- 
nate J from the upper surface of the AR coating. 

Delamination from both levels are seen on ER.A coated 
cells. Only delamination of the sputtered cover from the .AR 
coating is indicated on IPC cells, but mo.st of the bubbles on 
the IPC cells appiear to have grown during the thetmal cycling 
from smaller bubbles existent befoie the test st:*ned. Since 
random .AR coated Ferranti cells were submitted to both tlrm-s 
for covering, it would appear that the manner of delamination 
and its relative severity are due to the different sputtering 
processes. 

Judging from the results of materials and techniques used in 
this study, sputtered integral cover adhesion to cells on arrays 
in storage is questionable for IPC covered cells, and question- 
able in iiiermal cv ciing for both processes. See the discussion 
in Subparagraph ll-B-6 of sputtered cover delamination 
»H'curring after another test having wide lempeiature range. 


B. The Sputtered Glass Solar Ceil Integral Cover 

Examined in this subsection are the spiecial requirements 
fi'r solar cells that are to be processed 'or integral covers, .some 
sputtered glass properties, and the mechanical and electrical 
changes in a cell after integral cover deposiiion. 
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Sputtered glass film properties are similar to the original 
bulk target material from which the deposit was derived This 
could be expected since the processes lack phase change, such 
as thermal evaporation and condensation. However, while the 
glass properties are similar they are not exactly the same, 
because the sputtered glass film is the product of reassembled 
atomic and molecular units from the starting material, and 
changes do occur between the original and sputtered glass. 
Some of tliese should be noted when the glass film application 
is a solar ceU cover. Figure 16 is a scarming electron micr<' 
scope photograph of the cross section of a sputter covtied 
Ferranti solar cell. Note the cell's bottom contact, cross 
section of a grid finger, and the outline of the sputtered film 
deposit. 

1. Solar cel featuies and the integral cover. If solar cell 
costs are to be reasonable, so must be their specifications. 
Solar cell applications often permit some superficial mechan- 
ical defects without sacrifice to system operation, and cell 
specifications often sanction these in the interest of improving 
production yield. How-ever. ed^ chips, irregular edges, and 
other minor flaws normally considered cosmetic blemishes, are 
serious defects for cells to be integrally covered, since intrinsic 
stress within the cover that is imparted to the cell promotes 
the possibility of ccii breakage starting at such defect sites.* 

If defect-free solar cells are available, they probably would 
be at a cost premium that impacts the possible cost savings ot 
this cell cover technique. 

Sharp cell edges result in h^ly stressed areas for the 
integral cover. Cracks at the edges, or incomplete glass 
coverage, coaid start cover delaminaiion.* .At an edge of a 
Ferranti cell grid finger in Fig. 17 is a stressed area in an FR.A 
depKisited cover in which a crack is seen that was typical of 
cracks found at many grid finger edges displayed under the 
scanning electron microscope. 

Such cracks can propagate in si^e and number with 
handling, array tests, launch, array depioymcn!. and thermal 
stresses in space operation. 

2. Fropenies of the sputtered glass cover 

a. Stress. Fare silica makes an excellent solar cell cover. It 
has a high sputtering rate, high thermal conductivity, low 
thermal expansion coefficient, low dielectric loss, exceilen: 
resistance to radiation induced darkening, high optical trans- 
mittance. and moderate cost. Its major handicap for this 
application is the high level of intrinsic stress tliat it generates 
within its sputtered film growth. The stress is great enoudt to 
delamincte the integral cover from the cell surface, or fracture 


the cell.* Stress measured as high as lO"* N ( 10^ dynes)'cm- 
make impractical deposits on solar cells of pure silica sputtered 
^ass tllm thicknesses in excess of 25 microns.*"** 

Dow Coming 7070, a borosilicaie, does not match the 
favorable diaracteristics of pure silica as a solar cell cover glass, 
but its sputtered film grows with much less intrinsic stress. 
Measured at 2.*J X 10^ N (2.9 X lO’ dynes)/cm^.* ' * the 
intrinsic stress of sputtered DC 7070 about equals its tnermal 
expansion stress in typical application. 

The dominant component of RF sputtered cover stress 
arises during film growth by not well understood*-** changes in 
tUm striKture. 

For ihe high-vacuum ion sputtered processed covers, the 
intrinsic stress is thought to result from several sources: 

(1) Thermal mismatch. One cause is thought to arise from 
an expansion coefficient mismatch between cover glass 
and silicon, which is not very serious for DC 7070: 
3.2 X 10-‘/°C vs 2.9 X 10-‘ °C.*-> 

(2) Spreading layers. Each successive ^ass monolayer 
deposit is thought to spread because of the impact and 
partial imbedding of subsequent sputtered material. 
The resultant ^reading of layers is believed a stress 
cause. 

(31 Hydropltilic nature. The hydrophilic nature of sput- 
tered glass IS another possible stress cause, both the 
glass and the pnx-ess technique are believed to con- 
tribute. Sputtered pure silica glass covered si«!ar cells 
that appeared norm.vl when viewed through a vacuum 
chamber port have bowed and fractured wheii bfoaghi 
i(t atmospheric pressure levels. Simple tests isolated the 
stturce of the dramatic Stress iticiease tt' the water 
vaptvr in the atmosphere. 

For most glasses tested, the thermal expansion component 
in the sputtered integral cover appears suhsiJiary to its 
intrinsic stresses.*'* Annea'ing a sputtered silica covet free I'f 
its high intrinsic stress is unsuccessful because its high 
st'fiening temperature degrades the solar cell lunctii n. ( oni- 
plex silica based glasses generally have poorer properties for 
cell covers than pure silica, but they have lower soltening 
temperatures that could lead It' a successful anneal I'f a cover. 
One. IX' 7070. generated sput.ered glass tllni of ttnusually low 
intrinsic stress, a major advantage when the applic.Uton is a 
spullered cover on a solar cell. 
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li ii risky ft* further stress up britlle 3 m3tertal as silicon, 
( onsirleriBi (he depentjence of a spacecraft upssn its power 
urnKs. (he prudent array Jesignet would want prior uadeoff 
studies and firm lechnica! evidence of saperionty of any new- 


process or material that b associated w ith stress increase to the 
sdar cell. The evaluation would include tests of mtegrahy 
cohered cells that simulate launch vibration and acoustic 
stresses and stresses associated with temperature extremes and 
thermal cycling in the qaace environment. 

b. /ntegntl emtr adtieskm. Sance the Ferranti cells pos- 
sessed a magnesium fluoride antireflectitm coating, the 
adhesion in question in this investipiion is that of the integial 
glass cover to thb coating. Sputtered ^ass coatings have 
adhered ptsotly to cerium dioxide AR coating.***^ (r. the RF 
spuiiering process, the AR coating serves as a shield apinst 
possible cell damage resulting from the argon ton flux. 

In question in this study b how well will the sputtered 
covers adhere to the cells in storap iherraal cydin|. and 
temperature extretwts. From lest, evidence of the cover 
processes examined. Subparagraphs llI-A-i-b and lll-B4». the 

proptMS is poor for the three conditions. 

e. Optical qaaUty of the sputtered cover. The optical 
qualtty of the sputtered cover n not that of its bulk 
eounierpart. Grown m layers with bvmd angles unliice the 
original glass, the spoftered glas film b not c^tkally flat and 

is more poorly structured.^ * ' ^ 

The lack of optically flat solar cell covers will influence 
array output in off-sun array operations in ni,ght. Fxcept at 
extreme angles, the output of most st^ar arrays with con- 
ventional covers thai are mateuvered off the sun is a function 
of the cosine law, ipioring shacowiing. If the powei output of 
an array with sputtered covets falls off much more than could 
be expected by the cosine 'unction after moderate sun 
nnsofiemation. this deficiency may have to be adiusted in 
some missions by appropriate array overdesgn. 

A comparison is shown in Fig. 18 of light 
througji a bare f>ow Corning 0211 substrate 5(Mf rnicaws 



tAvfn c**f f tt- tRr:* " 

F^j. 18. Ugtw tnmwntsston of glass tmpmm 

(born Ref. 2| 
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thick, and through RF sputtered ghss deposits upon this 
substrate.*®^ Compared are sputtered borosilicate glass coat- 
ings of DC 7070 in an atmmphcre of 100^ argon. 
oxygen, and 20% argon, and also Schott H330 in 100'^ argtm. 
Tranwrussibilily of DC 7070 is seen superior to that of Schott 
8-3.30. Although the - 20'? .Ar atmosphere improved 

DC 7070 transntissibility, it impaired the iqruitering depositi >n 
rate and subsequent cell performance because the cell contacts 
reacted to the oxygen. RF sputtering in oxygen showed 
no improvement.**^^ 

d. AbM>rpfance a>efficient. The absisrpiance c ''fficieni is 
htgl in the RF sputtered glass deposit than tr tot her 
bulk material. The typical increase is between 2 to nt at 
400 nanometers. The resultant pvmer loss b about with 
an absoiptance coefficient loss of 3*? at 400 nanometers in 
AMO sunlight.*'^ 

e. Densin- of the spurierrU gkss fUm. Density changes ot 
the sputtered glass film from that of the hulk source indicate 
pudvlems. Densiy reduction signals deptvsit porosity or voids 
within layers with consequent diminished prtvieciion for the 
cell and quesimnable citver stability, l-’creased density 
indicates an out-of-conind sputtering process. Specific gravity 
bottle measurements' ‘ ' indicated the RF sputtered glass to he 
2.22 sO.02 g/cc compared to 2.13 g/cc of the pirem material. 
The 5% density increa-se is considered insignificant with 
respect to cover glass performance, but it adds to array weight. 

f. Afgitn imiusian With RF sputienng. argon becomes 
incorporated in the sputtered glass film. Concentralii'n is 
about r' by weight of the sputtered deposit.*" .Argon 
inclusion in the glass deposition is not reported for the higfi 
vacuum ion sruttenng, and the small concentration of argon 
present in this process sliouid not make it much of a problem. 

Argtrn outgassing m space vacuum conditions is a concern 
because t f the pt.>ssible effect upon the mechanical integrity of 
the spuueied cover. 

g. I ndnired sputtered deposits. Debris iKcasionally sheds 
from the sputtering chamber struct ures and depi'sits upvin the 
integral cover film. Figure lo is a scanning electron microscope 
photograph of such deposits; the dianmil siructure is a grid 
finger .*3 microns vvide. Prototype sputtering equipment used 
at FRA included a portion of the chamber floor as the work 
table upon winch the cells were processed. Jo reduce debris, 
RF sputtering pioduciion equipment will be designed with the 
work ftble as the chamher ceiling. .Some iP( processed cells 
also exhibited these debris deposits. 

.At svifficieni stviar intensity in space, debus deposits can 
become damaging solar flux concentrators. Tlie thermal 



Rg. 19. lintlesiniite i^ianlbwr <|«Im1s itipotits on iMograi eowir; 
SGM, 3S0 k; i l iaa o i al slnicltw* to « giM Hno 33 microiw «iMto 

giadients they create could cause injurious silicoH thermal 
stress, or they could become locales of cover delaminativm. 

k P>mihk St.dar ecU damage during, sputtering. B<.»th argon 
ion and electron fluxes reach the cells in Rf' sputtering. The 
argon ion fiux could damage the surface i>f the cells. Fxcessivt 
cell heating because of electron bombardment can damage the 
cells.'*' and can also darken the deposited glass erver Isee 
next sub-paragraph I. .As the argon ivvns ablate the glass target, 
they als4s erv>de the iniegra' cover JeP'jsiied upon the solar 
cell, at a slower rate than that of the deposition.' " 

The AR Coating shiefi'. the solai cell irmn ion flux 
damage.' " For cells without an AR cv»anng. solar cell junction 
damage can be avoided m the RF sputieiing process tf ilie 
power density at the cells is leJuced below O.n W cm' for the 
first 2tJ()-\ of the sputie^eii film deposit flrrmi IBM patent 
1 14534.x cited m Ref. 12 f. Axial magnetjc fields to drvert the 
electron flux from the cells, and w-asercooled chamher 
structures, have reduced cell temperatures during the KF 
sputtering povevs. 

.Solar cells to be integrally covered appea' less vulnerable to 
damage wnh higli-vacuum ton sputtering than with the RF 
sputtering process that will require careful process manage- 
ment. 

f. Diu oh 'ration of sputtered filnt. BoioMltcaie sp afteted 
glass films have darkened because of the eiectrori fiu,'; present 
in the RF chamber plasma. Flcctr»»n fluence is estimated at 
H)'* cm* per glass film monolayer deposited; each successive 
film layer is fully exposed to this electron flux fv>t a tola! of 
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10^* /cm^ on a 100-micron thick The power density 

at the area where the cells are RF processed is about O.tlO 

W/ciR^ ^ ^ for a 1 J-micron per hour deposition rate. Elec- 
trons impact the ceils with about 20 eV of energy.*^ * 

Darkening was reduced in an atmosphere of Wt oxygen - 
2{K arfoii, hut ih&u amditions created other problems 
(Subparagraph UI-B-2-c). Darkening was further reduced at the 
RF process work table with magnetic fields used to divert the 
electron flux from the cells (Fig. 18), but the field alters 
deposition uniformity and permits fewer cells at a time to be 
processed. Ccria doping at concentrations from i% to S%^ by 
weight have not reduced borosilicate glass darkening in the R*^ 
process: instead, the transmission loss due to the ceiia adoition 
was greater than the resultant darkening of undoped glass 
exposed to 10** electrons/em^ at ! MeV electrons*** (see 
Fig. 101, 

The RF sputtering plasma is seen to have an electron flux 
component, that could darken the cover glass, wnich is more 
severe than that impacting spacecraft solar arrays during many 
space missions. The sputtered cell cover glass is expirsed to a 
less damaging environment in the hi^-vacuum ion sputtering 
process. 

Darkening of glass film in the high vacuum i«ai sputtering 
process is thought due to chemical reduction of the target 
material because of the argon ion flux.‘^^ With the removal of 
alkalide oxides from the glass, areas of silicon darkened the 
glass deposit. The stoichiometric change causing the glass 
darkening was diminislied in the ion sputtering process by first 
evacuating the chamber to I..T^X fO ' N cm* 110^^ torii 
and back filling with oxygen to I.3.? S'.cm* (10"*’ ton i. Cell 
contacts were not affected with this procedure. 

/. Camn ikjecn. All sputtered glass films exhibit defects 
called carrots.* ’ * These are seen in the film as small round 
bubble structures of various sizes and population densities: 
they are brightly visible when the .spiiueied glass film is 
illuminated against a darker background (See fig. 20). Hie 
defects appear to increase wnh the argon pressure withitt the 
RF sputtering chamber, possibh with increased inclusion of 
argon within the grrswing fiint.* ' * More intensive cell surface 
cleaning appeals tii have little infloeoce upon inbibhmg fiieir 
irouth. The carrot defects appear most directly related to 
roughness of the cell silicon suiface or to slight pr«)trus!ons 
above its plane, Pits in the cel! surface create no carrots.* 
Wnh the RF process, the best quality covers are deposited on 
cells having highly pcrlished flat surfaces. 

Figure 21 IS a sketch of a carrot. In any stage of the glass 
filftt deposit, the height of the carrot above the film plane is 
the beifljl t»f the protrusion above the cell surface. In the cross 
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f ig 21. Sketch of carrot growth in 
iHauttered glass (bom 21 

section of a Ferratiii cell with an mteeral ct»vei shown in 
Fig 1<i, the glass deposit am* jippcar;s lo fivllow the contour of 
the grid finger below. Figures 22 thfrvugh 24 presefii additional 
views of carfoi formation. 

rarrot depo.sits al.M,» appear capable of acting as miniature 
solar flux concent rat ws, as were the debris deposits from the 
chamber (Sitbparagrai:*! Hl-B-2-g). With syfficieritly high solar 
mtcnsity levels, thesw also could cause damaging silicon sue.sses 
Of sfari cover deb mi nation. Also of concern is the preferentsai 
fttctursni about similar defes'is in spuHered glass solar cell 
covers that has been reported.* ’** 
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FIf. 23. Carrot rtefecis at a tracturad sputterad fUm adga: SEM. 
1S40* (troffi Ref. 3| 
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Ftg. 24, Top of a carrot defect on RF sputtered DC 7070 ft ho: 

SEM. 1S40v Ifrowt Rel, 2) 
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TM*2. TMckfiMt at Ml and •0uMnd iMtgral eoM«r 


Group 

Quantity 
of cells 
measured 


Mean cell thickness, nm 

Mean cover thickness, ton 


Min* 

Nominal 

High 

Min 

Nomhut 

High 

Bare 

70 

128.0 

149.9 aO.74 

163.6 

- 

- 

- 

ERA 

65 

157.1 

172.5 ±0.74 

194.7 

4.8 

29.6 

41.8 

IPC 

75 

154.6 

166.4 ±0.51 

193.4 

11.1 

23.5 

36.0 

'’One probe on hare silicon between positive and negative contacts. 


The thickness measurements were averaged for each cell. The 
thicknes measurement of the bare cell included a grid finger, 
but thb 7-micron thick structure is included within the glass 
film deposit. Accordingly, the integral cover thickness is the 
difference between the two measurements plus 7 microns; 
these thicknesses are presented in Table 2. The specified 
Ferranti cell thickness is 1 27 ±25 microns. The specified cover 
is 30 to 37 microns thick. 

c. Cell bowing. The bare Ferranti cell bows because of 
intrinsic stresses within its silicon wafer, from its contacts, and 
from solar cell manufacturing process. The sputtered glass 
film adds complex stresses of its own to complex stresses that 
already exist in the cell, and bowing of the covered cell reflects 
the resultant of these stresses in equilibrium. 

A datum plane is established at each cell low point, and cell 
bowing above this plane is measured as the instrument probe 
of the Microsense 3046 A, operating in a mode to detect thin 
wafer bowing, is walked across the paths with respect to the 
reverse side of the cell as shown in Fig. 25. Measuiements were 
taken active side up. The bowing data is shown in Table 3. 


Tabto 3. Maximum con bowing along paths shown in Fig. 25 


Group 

Quantity of cells 
measured 


Average cell bow, pm 

Edge 

Diagonal 2 

Diagonal 3 

Bare 

21 

30.0 

30.0 

31.0 

FRA 

18 

39.4 

50.8 

51.3 

IPC 

27 

54.1 

80.5 

81.8 


d. Cell strength of material. The purpose ■ *' these tests was 
to determine quantitatively the basic strength of this Ferianti 



Fig. 25. Paths on FOrranti call along which bowing data 
was taken 


127-micron cell and how its strength was altered by the cover 
depositions. 

The tests were performed as they were in a previous JPL 
study,* and procedures were in accordance with Federal 
Test Standard 406, Method 1031. The same three-point cell 
loading test f.xture was used (see Fig. 26). Tests were 
performed a' room tempc jture with an Instron testing 
machine. CvU deflection to failure under load was recorded as 
was the rell breaking force. Data analysis was simplified with 
the covered cell treated as if its composition were homoge- 
neous. i reasonable engineering assumption since the cover 
glass pri'perties were similar to the silicon and the cover 
represented but 20^ of the covered cell thickness The 
following relationships were used*'"^ from elastic beam 
theory to determine to what extent the cell resists bending 
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(fkxural modulus, ). and the stress causing celi failure 
(flexural failure stress,/^ ): 

P = — 

* 4h (y. - y,) 

where: 


Ceils were tested in each of four loading modes, 5 cells per 
mode from eadi of the three ceil categories (bare, ERA, and 
n*C); 60 cells in total were tested, 20 cells from each category. 
The test modes for the flexural tests are as they were in 
Ref. 14: 

(1) Mode A; Active surface up, th.$ cell loaded per- 
pendicular to the collector grid fingers. 

(2) Mode P: Active surface up, the cell loaded parallel to 
the odlector gnd Angers. 

(3) Mode C: Active surface down, the ceil loaded per- 
pendicular to the collector grid fingers. 

(4) Mode L Active surface down, the cell loaded parallel 
to the collector grid fingers. 

Tables 4 and 5 present the interesting and unexpected test 
data results. Apparently, the Ferranti cell clad with its integral 
cover is weaker than the bare cell. One would expect that the 
integral cover stiffens the cell and makes it more resistant to 


= flexural modulus, N/Cm^ 

L - span length, cm 
b = specimen width, cm 
t = thickness, cm 

P^~ P^= load in Newtons corresponding to the deflec- 
tion Tj - y, from a tangent line drawn in 
relation to the straightest portion on load 
deflection diagram 

yj - y, = deflection in cm 


** 2b 

where: 

= flexural failure stress, N/cm^ 
P = ultimate load, N 
L - span, cm 
b = specimen width, cm 
t = specimen thickness, cm 


Table 4. Average eaM flaxural mocMua* 


Group 


Cdl test mode 


A 

B 

C 

D 

Bare 

15.55 

17.02 

18.04 

16.18 


(22.56) 

(24.68) 

(26.17) 

(23.47) 

ERA 

13.14 

13.35 

13.62 

13.17 


(19.06) 

(19.36) 

(19.75) 

(19.101 

IPC 

13.57 

13.28 

14.20 

14.06 


(19.68) 

(19.26) 

(20.60) 

(20.39) 

*In N/cm^ 

X 10* (psix 10*). 




Table 5. Avijrage oea flexural sireaa to (aikire* 

Group 


Cell test it»od( 


A 

B 

C 

D 

Bare 

23.81 

25.35 

39.80 

34.49 


(34.53) 

(36.77) 

(57.72) 

(50.03) 

ERA 

21.44 

21.08 

24.51 

24.06 


(31.10) 

(30.57) 

(35.55) 

(34.90) 

IPC 

24.72 

19.14 

27.64 

26.32 


(35.85) 

(27.76) 

(40.09) 

(38 17) 

®In N/cm 

^ X 10^ (psi X 10^ 

). 
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fracture. The test otid indicate it does neither; instead, the 
integrally covered cells bend and fracture more easily than do 
the bare cells. 

The data indicate a slight increase in the strength of IPC 
covered cells above bare cells, 3.8% in Mode A in Table 5, but 
in all o*.ner test modes the IPC and ERA covered cells show 
diminished strength. ERA covered cells in Mode C declined in 
strength more than 38%. The bare and covered are strongest 
when loaded upon their reverse surface, particularly in the 
direction perpendicular to the grid lines (Mode C). However, it 
is also in this mode that the covered cell lost strength to the 
greatest extent, averaging a 34.5% dedine. The average 
strength toss for IPC covered cells war 18.8%, and for ERA 
covered cells, 23.8%. No data at hand relates individual aspects 
of the sputtering processes to this evidence of cell strength 
l(»s. Special test parameters used in this test and the test data 
are presented in the Appendix. 

4. Chai^ in cell electricM performance diaracterktics 
resulting from integral cover application. These changes are the 
result of cell preparation for the sputtered cover, the sputter- 
ing process, the sputtered glass film, and the MgF^ AR coating 
upon the integral cover. According to ERA and IPC cell data, 
the performance of most cells declined after processing. 

Of the 71 ERA integrally covered cells that met mechanical 
and electrical specifications, the average short circuit current 
declined 3.17 mA, or 2.34%, the standard deviation being 
1.94 mA if this sample truly represented a large production 
lot. 

Ot the 77 j'cred cells that met mechanical and 

electrical specif s after the integral cover process, the 
average current .i.cd when the cell was tested at 0.485 V 
declined 4.79 mn, or 3.54%, with the estimated standard 
deviation at 2.08 mA. IPC made no short circuit current 
measurements. 

Lacking a test fixture to n;-*chanically mount wraparound 
solar cells for electrical test, the IPC newly designed test gear 
for these tests did not attain desired measurement repeat- 
ability. This could account for the greater electrical perfor- 
mance data dispersion than obtained from ERA processed 
cells. 

5. Electrical characterization of the integrally covered cell. 

This test was multipurpose, with one purpose of the study 
being to characterize the electrical performance of the bare 
and integrally covered cc!.j. How well the integral cover 
depositions withstood fne test conditions formed the other 
part of the study. 


Five cells from each of the categories were mounted on a 
specially designed test plate. Tire cells were selected from 
those grouped about the median in their electrical perfor- 
mance test in simulated AMO at 135.3 mW/cm^, 28°C. They 
were also free of mechanical defects. 

Kovar nbbon w'as used as cell interconnects to obtain a 
close thermal expansion coefficient match to silicon because 
of the wide test temperature range. Normally, the ribl un is 
attached to the cell and then manually formed to the 
requirements of the circuit. Howev'r. some of the Ferranti 
cells broke f an attached inierconnect was reshaped during the 
assembly of a prototype test plate. Instead, the interconnects 
for these cells were first preformed with stress relieved loops 
before attachment to cells, and interconnect redr<*ssing in the 
final assembly was kept to a minimum after attachment to 
cell. 

The ceils were then bonded to the 3. 18-mm (0.125-inch) 
thick copper test plate with GE RT\' 560/T12 silicone 
adhesive. The adhesive layer ser.'t as dielectric between cells 
and plate. Electrical connection of the cells to printed 
circuitry on the plate completed .i four-wire circuit system to 
each cell that isolated the voltage sensing leads from those 
carrying current. The voltage drop in the current car.^ving leads 
would otherwise affect the voltage data. 

A copper-constantan thermocouple attached to a bare ceil 
with Ecobond 57C silver conductive cement monitored cell 
temperature, and a proportional temperature controller main- 
tained cell temprerature within ±0.5°C as data was recorded. 
An earlier study at JPL tliat used sLx thermocouples mounted 
on a similar test plate demonstrated that the temperature of 
the 15 cells wore virtually identical at equilibrium within the 
resolution of the test equipment. This eliminated the reed for 
plate mo iPcation to adjust thermal gradients. 

The test plate was mounted vertically behind a quartz 
window of a thermal vacuum test chamber that was evacuated 
to 30 microns. The chamber was first purged with dry nitrogen 
to avoid dew point condensates during the temperature 
excursions. Cells on the plates were illun'ti.ated ihrougii the 
quartz window witii a Spectrolab Model X25 Mark II solar 
simulator. Balloon flight standard cells*'*’* Provided in'ensiiy 
and lighi flux spectral quality references. A tabulation of the 
matrix of light intensity and cell temperature variations used 
in this study is presented in Tab : 6. Electrical performance 
data was recorded for each cel! on the test plate at each 
condition in Taole 6. and this data was averaged for tli.' cells 
within each of the three categories. This solar cell electrical 
performance characteristics test is similar to others performed 
at JPL.*”' '*** 
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«d cur*e factor (CFIawaes for tte three 
cell groupware presented in F%. 27 . The electrical performance 
diffeienoci JU.rong the three poups are subtle in these plots, 
and the ^fferences are better reveled »ith bare cell dau 


aven^ sr*tracted fr«n those of ER.A and IPC integralh' 
covered celb. Percent differences of the electric^ {aratneters 
between bue cell and each mtegral cover process are shown in 
2R and 29 . F^re 2H dispbys percent changes of and 
in the Ferranti cell after miegral cover depositions, and 
F%. 2^ dispbys the pe-ceni changes in and CF. 


The electrical performance of ERA covered cells is seen to 
benefit mssre from the mtegral sxrver application than do the 
!PT covered celb. 1'^^ and of the ERA processed cells 
particularly display gains over the bare cell, in excess of 10^ in 
some test conditions. Hivwever. because of evidence of integral 
cover Jelamiiution r.^milar to that Umnd earlier (see Sub|nra- 
graph III-A--'-b». the apparent electrical performance gains of 
the ERA covered cells are misleading. 


6. Cover de to n roi tion rrsulti^ horn temperatore 
extiemes. The leasivn for the electrical performance gain is 
shown in photos of the test plate in Fig. .?0. ERA s'oofred cells 
are in the center column. I’*C co.ered cells are in the column 
kft of center, and the hare cells in the column on the 'ight. 


ntegral cotwis because of more extensive cover detamaatHm. 
Celb under the IPC covers were wanner oecause of the 
relativeljr tower thermal tesistaiKe between the oelb tud their 
coven, which debw^ted to a lesser extent. Consequently, 
the more temperature sensitive the etectricai mramete', tte 
better die petfotmmee of the ERA covered cdl a{q>eaied. 
Heat from the sdbr simidator li^t flux tramfen^ most 
readiy to the bare odb »m 1 more readfly to the edis umkr the 
IPC {Hocessed covers thmi to those under the ERA ctwers. 


IV. CondiisiDns 


l^tviei^t components are indispensable n the fnusuit of 
solar arrays with mme dembk specific power characteristics, 
but the li^tweight comptments examined in dib study 
dopfa^-ed noteworthy thsadvmitagn as wdi. Their weakness^ 
may be eliminated or reduced widi future process or af^ica- 
ticMi refniement, md for our conduskms we list these 
wrraknesses as revealed in thb study. Advanuges of the 
cmnpcMKnts and rationde for their uiitial seketion were 
discussed hi SectkNi II. 

A. SoIvCvi 


Production economy becomes a major consideration for a 
product requiring irtany expenrive and complex manufacturing 
processes, particulatly if the product b as fragik as the solar 
cell, and vulnerable to fatal dama^. Functktnal reliability 
becomes a major consideration when so fragile a product as a 
solar cell contributes to the ekcincal power requirements of a 
spacecraft. Hahing cell thickness appears to about doubk 
handling losses. About 5^ breakage losses b reported for solar 
celb 305 to 381 micons (12 to 15 mils) thick. 10^ for 203 
microns (8 mils) thick, and 20‘3 losses for ce b 127 microns 
(5 mils) thick.**®' Breakage with the 127-micron Ferranti cell 
was also unusually hi^ at JPL during this study. Celb this thin 
may si^al a crossover in device reliability, not only for the 
celts’ ability to survive with acceptable yield the processes 
kading to final solar array asembly. but also for their ability to 
withstand spacecraft launch stresses, thermal stress, array 
deployment, and the multiple array retraction and redeploy- 
ment sequences in space flight that have been proposed for 
some mbsions. 

B. Sputtered Integral Cover 


The integral covers delaminated as they did after the 
titermal cycUag tests, as shown in Fig. 15. ERA processed 
covers again delam-nated to a greatei e.xtent than IFC 
processed coveis, and again at the upper and lowei surface* of 
the MgF, coaling. As before, the IPf covers delaminated onlv 
at the upper MgF, surface (se" .Subparagraph lll-.A-.^-b). The 
relative seventy of delamination evplain* the data of Figs. 28 
.rrJ 2‘f The Ferranti cells operated an>ier under the FR.A 


The sputtered integral cover is still in the development 
stage. With 'urther work and 'ime. the following difficulties 
ar ' concerns may be eliminated: The sputtering process 
requite* fiaw-free solar celb (see Subparagraph III-B-1 ) ;hat are 
expensive. Glass is presently sougl.t with characteristics that 
are more oriented to ‘ ed.s of the spuienng proce.ss and 
the mechanical iimifi ' the cel! than to the optica! 

requirements '' j s«.d;‘ ell covei (see Subparagraph ll-B-2-a). 
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The ion flux in the RF sputtering process is a hazardous 
environment for a solar cell (see Subparagraph fll-B-2-h) that 
win require careful management tu avoid solar cell damage. 
The electron flux also present can darken the deposited 
sputtered cover ^ass (see Subparagraph IIl-B-2-i). 

So dependent is a spacecraft upon its electrical power 
source, that a solar array designer hesitates to place so brittle 
and fragile a material as a solar cell undei any additional stress. 
Although DC 7070 exhibits the least intrinsic; stress in 
sputtered form of any glass yet tested, it nonetheless imparts a 
magnitude of stress to the cell that is about equai to. and in 
addition to. the thermal stress the cover imparts at typical 
operating temperatures (see Subparagraph III-B-2-a). 

The sputtered cover, with its processes, weakens the 
integrally covered cell to the extent that an uncovered cell 
appears stronger (sec Subparagraph lll-B-.Td). Sputtering 
chamber debris (see Subparagraph ((-B-2-g) and carrot defects 
(Subparagraph llI-B-2-j) may act in space operations as solar 


concentrators that could damage the covered cell ^stem. 
Inherent in the solar cell are edges that impart stress areas to 
the sputtered glass cover that could affect its reliability (' .-e 
Subparagraph III-B-I). 

This study reveals a major weakness in sputtered int^ral 
cover adhesion to the MgF, AR coating on the cell (Subpara- 
graphs llI-A-3-b and ill-B-6) that raises concern regarding the 
reliability of sputtered covers upon solar cells in storage and 
after exposure to space enviroiimental conditions, particularly 
of the design examine.!. Sputtered integral covers lack optical 
flatness. When the array is inisoriented .0 the sun during space 
operations, this lack of flatness could result in greater array 
power output loss than it would experience with discrete 
covers. 

C. Array Model Substrate 

Solar cell delaminativtns from the model tlexihlc suhstrat: 
atter thermal cvciing tests suggest tie need h>r thermal 
stress-relieved interconnections for the wraparound cell. 
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Appendix 

Data Results of Three-Point Flexure Tests 


Fkxure test paramcieni: wafer span - 1J17 cm(0.5 in.) 


Instron crosshcad speed - O.OSl cm 
(0.02 in.)/tnifr 

chart speed = 1 2.7 cm (5 iir.)/min 
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cdiiOMi 

Wtaode* 

lilticute 

load. 

Nflh) 

Cell width, 
cm (in.) 

Am*cectfl 

thidnug t, 
lO^ cm (1(7^ n) 

Hexnrd Urai 
tofoinre. 

lO^K/an^dCPpii) 

Flench aodslct. 
10<»N/coi^(I0‘p«a 

ModeA 

2* 

4.W3(1.10) 

2.006 (0.7897) 

1.466 (5.78) 

2157(3(^8) 

15.66 <22.71) 

36 

6.094 <1.37) 

2.003 (0.7887) 

1.483 (SJM) 

2654 (3850) 

1554(2254) 

44 

5.427 <IJ2) 

ZOOS (0.7892) 

1.494 (5.88) 

2342(3354) 

1552 (22.07) 

52 

5.604(1.26) 

Z004 (0.7891) 

1521(5.99) 

2302 (3358) 

15.72(2240) 

<0 

6.049(1.36) 

22»5 (07893) 

1516(5.97) 

25.00 (3656) 

15.65 (22.70) 

UodcB 

30 

6.894(155) 

2.004 (0.7889) 

1.468(5.78) 

30.47 (44.19) 

14.67(21.28) 

39 

5j070(1.14) 

Z002 (0.7883) 

1.435 (5.65) 

23.43(3358) 

15.34(2255) 

46 

6.272(1.41) 

Z004 (0.7891) 

1582(6.23) 

23.78(34.49) 

1550(22.48) 

54 

6.049(1.36) 

2.004(0.7891) 

1.486(5.85) 

26.04 (37,77) 

15.00(21-75) 

62 

4.359 (0.98) 

Z004 (0.7891) 

I J41 (5.28) 

23.0* (33.41) 

24 5 7(35.64) 

HodeC 

32 

11.965(2,69) 

2.0(H (0.7889) 

1.600 (6J0) 

44.42 (64.43) 

1658(23.76) 

40 

12.810(2.88) 

2.005 (0.7894) 

1572(6.19) 

49.18 (’1.33) 

16.40(23.78) 

49 

10.319(2.32) 

2.004(0.7889) 

1.412(5 56) 

49.13(7156) 

22.99(33.35) 

56 

6J94(15S) 

Z004 (0.7891) 

1.412(556) 

32.81 (4759) 

17.04 (24.72) 

64 

5.649 <U7) 

2.005 (0.7892) 

1514(5.96) 

23.43(3358) 

17.40(25.24) 

ModeD 

34 

5.960(1.34) 

ZOOl (0.7877) 

1552 (6.11) 

2357(34.18) 

15 89(23.04) 

42 

8540(1.92) 

2.009 (0.7908) 

1.409 (554) 

40.81 (59.19) 

16.02(2354) 

SO 

58** 

10.987 (X47) 

Z0O4 (0 7891) 

1.463 (5.76> 

48.78 (70.75) 

16.61 (24.09) 

66 

6.272(1.41) 

2.004 (0.7690) 

1549 (6.10) 

24.81 (35.98) 

1651 (2351) 

•See Sabfm^Cnph in-8-3-d_ 
**010 broken prioi to teiL 
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OfilDand 

testora<ie' 

Ultinuie 

to*d, 

N(B>) 

Ccfi width, 
cm (in.) 

ArtxifefxH 
tbickofau 
lO"^ cm (10^^ m.) 

Flexural Ures 
to (iSore, 

10^ N/cm^ (10^ pa) 

Fkxurai modulus, 
lO^N/cm* (lO^pa) 

Mode A 

28 

7.740 (1.74> 

2.015(0.7932) 

1.702(6.70) 

25.27 (36.65) 

13.43(19.48) 

a 

7.450(1.675) 

2.008 (0.7907) 

1.600(6.30) 

27.60 (40.03) 

1328(19.26) 

44 

3.759(0.845) 

2.011(0.7919) 

1.781 (7.01) 

1123(1628) 

12.44(18.04) 

52 

7.028(1.58) 

2-01 1 (0.7918) 

1.737(6.84) 

22.05(31.98) 

13.39(19.42) 

60 

6.894(1.55) 

2.011(0.7916) 

1.760(6.93) 

21.08 ( 30J8) 

13.18(19.12) 

ModeB 

30 

6.316(1.42) 

2.010(07915) 

1.636(6.44) 

22.37(3245) 

12.74 (18.47) 

38 

3.247(0.73) 

2.001 (0.7877) 

1.641 (6.46) 

11.49(16.66) 

12.87(18-67) 

46 

7.740(1.74) 

2.007 (0.7901) 

1.702 (6.70) 

25.37 (36.79) 

14.84(2143) 

54 

7.295(1.64) 

2000(0.7873) 

1.648(6.49) 

25 J7 (37.09) 

1341 (19.60) 

62 

6.761 (1.52) 

2.008 (0.7906) 

1.765(6.95) 

20-58 (29 85) 

12.78(1844) 

ModeC 

32 

7.762 (1.745) 

2.010(0.7913) 

1.808 (7.12) 

22.50(32.63) 

12.82 (18.60) 

40 

6.028(1.535) 

2.010(0.7913) 

1.600(6.30) 

2528 (36.66) 

13.61 (19.74) 

48 

7.762(1.745) 

2.011 (0.7917) 

1 730(6.81) 

24 (35.64) 

14.00(20.30) 

56 

7.117(1.60) 

2.009 (0.7910) 

1.621(6.38) 

25.70(37.27) 

14.02 1:0.34) 

ModeD 

34 

7.962(1.79) 

2.006 (0.7896) 

1.745 (6-87) 

28.45 (41.26) 

12.84 (18.61) 

42 

8340(1.92) 

2-001 (0.7876) 

1.701 (6.73) 

27.84 (40.37) 

13.23(19.19) 

5^ 

5.338 (1.20) 

2.005 (0.7895) 

1.704(6 71) 

17.46(25 32) 

13.32(19.32) 

58 

7.206(1.62) 

2.008(0.7906) 

1.742 (6.86) 

2241 (32.65) 

13.29(19.28) 

*See Subpiia^^iph Ul-b-3-<l, 
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TMteMt me 


CMUDaad 
l0tt Modb^ 

IMkMte 

load, 

N(M0 

(M«id^ 
cm (in.) 

tliiciciient, 

lOr^cmdO-’iiL) 

FlexniM ttiesi 
tefailBre. 

10^ N/cm> (10^ pfi) 

Flexural modului. 
10‘ N/cni^ (10* pii) 

ModeA 






42 

8.318 U.87) 

2.009 (a7910) 

1.707 (6.72) 

27.07(39.26) 

1348(19.69) 

50 

4.848(13)9) 

2.009 (a7910> 

1.656 (6.52) 

20.21 (29.31) 

14.25 (20.66) 

SS 

6.138(1.38) 

2.006 (0.7896) 

1.643(6.47) 

2149 (31.31) 

14.36 (20.82) 

M 

7J62(1.7(0 

2.007 (0.7901) 

1.562(6.15) 

29.41 (42.66) 

13.18(19.12) 

70 

7.339(1.65) 

2.0M (0.7904) 

1.659 (643) 

25.32 (36.72) 

13.46(1942) 

Modes 






44 

6.094(1.37) 

1.999(0.7870) 

1.687(6.64) 

20.42 (29.61) 

12.74 (18.48) 

S2 

5.115(1.15) 

2.(K» (0.7895) 

1427 (6.01) 

20.85 (30.24) 

13.98(20.28) 

60 

4.537 (1.02) 

23)07 (0.7902) 

1457(6.13) 

17.76 (25.76) 

14.05 (20.38) 

67 

5.871 (1.32) 

2.012 (0.7922) 

1.692 (6.66) 

19.42 (28.17) 

12.89 (18.69) 

71 

4.848(1.09) 

2.01 1 (a7919) 

1.631 (6.42) 

17.27 (25.04) 

12.72(18.45) 

ModeC 






46 

7.428(1.67) 

2.007 (0.7902) 

1.638(6.45) 

25.95 (37.64) 

14.35 (2041) 

54 

9.385(2.11) 

2.005 (0.7894) 

1.588(6.25) 

35.39(51.32) 

15.09(21.89) 

62 

6.850(1.54) 

2.007 (a7903) 

1.575 (6.20) 

26.21 (38.02) 

14.01 (M.32) 

68 

9.118(2.05) 

2.007 (0.7903) 

1.732(6.82) 

28.84(41.83) 

13.96 (20.25) 

72 

6.583(1.48/ 

2.007 (0.7903) 

1.692(6.66) 

21.83 (31.66) 

13.61 (19.74) 

ModeD 






48 

7 695 (1.73) 

2.006 (0.7897) 

1.605 (6.32) 

28.36(41.13) 

li.o7 (22.73) 

56 

7.740 (1.74) 

2.010(0.7912) 

1.593(6.27) 

28.93(41.96) 

14.09 (20.43) 

64 

11.076 (2.49) 

2.009(0.7911) 

1.697(6.68) 

36.47 (52.90) 

13.94(20.21) 

69 

5.249 (1.18> 

2.011 (0.7917) 

1.679(6.61) 

17.64 (2548) 

13 •9(19.13) 

73 

5.427 (1.22) 

2.000(0.7874) 

1.600(6.30) 

20.19(29.28) 

13.40(19.44) 

^ce Sobpwnph lll-B-3-d. 



TabM/64. i 

iNAMMMioncMM 

f 

f 

1 

1 

1 

1 

IMS 


WMltb. 
mm (in.) 

Thickness 
micron (mil) 

Flexural stress, 
10^ N/cm^ (10^ psi) 

Flexural modulus, 
10‘ N/cm^ ( 10* psi) 


20.043 tl.50 X 10"* 

148.84 16.68 

30.68 10.708 

12.61 tl.021 

Bare 


( 0.7891 15.90 X lO*’) 

( 5.86i2.7x 10->) 

(44.49 11.027) 

(18.290 ±1.481) 


20.079 i4.ll X 10'* 

170.18 16.35 

22.61 10.495 

13.31 ±0.057 

ERA 


( 0.7905 11.62 X 10’^ 

( 6.70 i2.5 X 10 ') 

(32.79 i7.182 x 10 ') 

(19.306 ±8.2776 X 10 ) 


20.079 i3.30 X 10"^ 

163.58 tS.S9 

24.28 ±0.585 

13.82 ±0.074 

IPC 

( 0.7902 il.30 X 10'^ 

( 6.44 1 2.2 X 10'’) 

(35.22 ±8.453 X lO'*) 

(20.052 ±1.076 X 10 ') 


. LA. C«M 
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